We highlight our experimental studies and micromagnetic simulations of the rotational hysteresis in exchange-spring magnets. Magneto-optical imaging and torque magnetometry measurements for SmCo/Fe exchange-spring films with uniaxial in-plane anisotropy show that the magnetization rotation created in the magnetically soft Fe layer by a rotating magnetic field is hysteretic. The rotational hysteresis is due to the reversal of the chirality of the spin spiral structure. Micromagnetic simulations reveal two reversal modes of the chirality, one at low fields due to an in-plane untwisting of the spiral, and the other, at high fields, due to an out-of-plane fanning of the spiral.
One of the fundamental issues in magnetism is the magnetization reversal process.
In particular, the magnetization reversal properties of exchange-coupled hard/soft magnetic systems are of great current interest. These systems, also known as exchangesprings [1] , hold the key to unlocking the potential for technological applications [2, 3, 4] , as well as to elucidating the mechanism for spin transport through magnetic domain walls [5, 6] .
The simplest realization of the exchange-spring structure is a thin film bilayer consisting of a hard magnetic layer and a soft magnetic layer coupled at the interface through the exchange interaction. [7] Modern thin-film deposition techniques allow for nanometer-scale control of the layer thickness and for tailoring the microstructure, crystal orientation and magnetic anisotropies in the plane of the film through epitaxy. Using bilayer structures of Sm-Co/Fe, where the b-axis oriented hexagonal Sm-Co layer is grown epitaxially to have a uniaxial in-plane anisotropy, we have studied in detail the magnetization reversal process in exchange-spring magnets by examining the magnetic hysteresis loop measured with the applied magnetic field fixed along the easy axis direction. [8] At reverse fields larger than the exchange field H ex , the magnetic reversal proceeds via a twisting of the magnetization in the soft layer: the spins that are close to the interface are pinned by the hard layer, while those further away rotate to follow the field. The angle of rotation increases with increasing distance from the hard layer, resulting in a spiral spin structure similar to that in a Bloch domain wall. This process is reversible as the soft spins rotate back into alignment with the hard layer when the applied field is removed.
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The spiral spin structure nucleated during reversal can be either left-handed or right-handed, and both configurations are energetically equivalent when the reverse field is applied precisely along the easy axis of the hard magnetic layer. In real experimental systems, such degeneracy is lifted due to slight misalignment between the easy axis and the applied field [9] , or to the microstructural details of the hard layer [10, 11] .
Investigating how the magnetic configuration switches among the opposite chiralities can reveal the energetic competitions, and provide insights to the effect of microstructure on the magnetization reversal process. This paper highlights our studies of the formation of the spiral spin structure in Sm-Co/Fe exchange-spring bilayer structures in rotating magnetic fields using a magneto-optical imaging technique [12] and torque magnetometry [13] .
The magnetization rotation created in the magnetically soft Fe layer by a rotating magnetic field is hysteretic, due to the reversal of the chirality of the spin spiral structure.
Micromagnetic simulations reveal two reversal modes of the chirality, one at low fields due to an in-plane untwisting of the spiral, and the other, at high fields, due to an out-ofplane fanning of the spiral. [13, 14] The exchange-spring films were prepared by dc magnetron sputtering onto a Cr- contrast is therefore dominated by the magnetization behavior of the Fe layer.
In Fig. 1 a sequence of MOIF images shows the response of the Fe layer when the applied field is fixed in magnitude but is rotated by angle θ in the film plane. From the easy magnetization direction (Fig. 1a) , as θ increases, the magnetization smoothly rotates with the field with some phase delay (Fig. 1b) . The contrast between the bright and dark crescents also decreases with the increasing field angle, indicating an increase in the degree of twisting of the Fe layer spin structure. After the field reaches a critical angle θ C , the total magnetization begins to rotate in the opposite direction while the field direction continues to change in the original direction (Figs. 1c,d ). The subsequent rotation of the total magnetization, after completion of this stage of inverse rotation (Fig.   1e ), is again in synchronization with the field. But in this latter case, as one might expect, M takes the phase lead over H up to the point where they both coincide with the unidirectional anisotropy axis. Interestingly, a non-uniform MO intensity appears across the sample surface during the inverse rotation of M. This non-uniformity begins to develop in Fig. 1c (or Fig. 1f ), and becomes most intense in Fig. 1d (or Fig. 1g ) where the effective total magnetization is oriented along the unidirectional anisotropy axis.
Finally, the MO signal in the sample again becomes homogeneous ( Fig. 3e and 3a) . There is, however, a marked quantitative disagreement in the loop broadness between the calculated and experimental data. The measured loops are much narrower and less sharp than the calculated ones, and θ C is far smaller than that calculated at a given field value. The discrepancy arises from the over-simplification of the onedimensional spin-chain model, which assumes that the bilayer films are laterally homogeneous, and overestimates the demagnetization field. In fact, the Sm-Co hard 8 layer consists of microscopic grains and regions with different intrinsic properties and varying degrees of stability. [17, 18, 19] Our recent more quantitative MOIF experiments have further revealed that such dispersion in the directions of the local easy axis leads to laterally non-uniform spin structure and adjacent spin spirals with opposite chiralities. [10] The artificially inflated demagnetization field increases the energy barrier for the chirality reversal, leading to larger calculated θ C value than that observed experimentally.
Micromagnetic simulations that take into account the finite lateral dimension of the grains provide further insights into the chirality reversal. The calculations were performed using the LLG micromagnetic code [20] and the film discretized into 16 x 16 cells. The non-monotonic dependence of θ C on field reflects two distinct modes for the Fe layer to reverse chirality. For small fields the spins remain in the plane of the films, and at θ C , the spiral simply unwinds to become parallel with the hard layer and then winds in the opposite direction. (Fig. 5a ) The value of θ C results from a competition between the exchange energy of the spiral and the Zeeman energy required to unwind the spiral. Thus, θ C increases monotonically with increasing applied field as the Zeeman energy increases. For higher fields, we find a second reversal mode, shown schematically in Fig. 5b . During reversal, the spiral structure is maintained and the spins fan out of the plane. This fanning mode avoids the considerable Zeeman energy of unwinding the spiral, and thus θ C decreases with increasing applied field.
Further refinement of the numerical simulations is made by taking into account the microstructural characteristics of the Sm-Co layer. Two calculations, one based on the reported tilted epitaxy of the SmCo layers, [15] and the other assuming a reduced 9 interfacial SmCo anisotropy, show that the angle decreases for the fanning mode (Fig. 6 ).
The general results of the calculations suggest that variations in the structure tend to lower the energy for the fanning modes, and further demonstrate that local variations and/or defects in the structure play an important role in the magnetization reversal behavior of exchange-spring magnets.
In conclusion we have studied the magnetization reversal behavior of epitaxial exchange-spring Sm-Co/Fe films. We observed hysteretic switching of the soft layer as the field is rotated. The field dependence of the hysteresis can be understood assuming 
